Abstract. It is important that control center operators be alerted to system disturbances, including where, when and what disturbance occurs, so that proper anticipatory actions can be promptly taken if necessary, avoiding oscillation spreads in the power network. In this paper, the wavelet multi-resolution analysis based method is proposed to identify power system disturbances. Energy of wavelet coefficients are used as a criterion to choose optimal wavelet function and decomposition scale, which are then used for obtaining the maximum wavelet coefficients by identifying the frequency signals from wide area measurement system (WAMS). The maximum wavelet coefficients are then selected to be the indicators for disturbance identifying. The detailed procedure and effectiveness of the proposed method is demonstrated by simulations of a 10-machine 39-bus system.
Introduction
The synchronized phasor measurement units (PMUs) are able to measure and record the rotor angle, the frequency, the magnitude and phase of voltage and current of power systems. The measured data are sent to the phasor data concentrator (PDC) through high speed internet. Accordingly, a wide area measurement system (WAMS) is constructed based on the PMUs, PDC and internet. Thereby, the operational condition of the power grid can be monitored continuously and the dynamics of the power system can be recorded [1] .
One of the most important application of WAMS is using the data recorded by PMUs to identify disturbances in power systems, including fault diagnosis [2] , power quality disturbance identifying [3] as well as power network disturbance identifying [4] . The power network disturbance identifying mainly focus on disturbances leading to serious accidents in power system, such as cutting machine, load shedding, etc.
Wavelet transform (WT) is a powerful and systematic way of analyzing the abrupt-changing feature of signals, belonging to a type of time-frequency-domain analysis [5] . Using WT, the frequency features of the analyzed signal could be located in time domain. Thus, as a promising tool, WT deserves a thorough study when it is applied to WAMS-based disturbance analysis. In [6] , for the first time, the WT was introduced to disturbance identification, detecting the time when disturbance occurred.
In this paper, the theory of a wavelet-based power network disturbance identifying method is described. First, the WT-based multi-resolution analysis is introduced in Section 1. As the key part of the method, the theory of power network disturbance identifying method, based on WT, is described in Section 2. The case study is given in Section 3. The conclusion is discussed in Section 4.
WT-Based Multi-Resolution Analysis (MRA)
WT is a partial time-frequency-domain analysis method, the frequency and time window of which can be changed, obtaining both the time and frequency domain information at the same time. Using WT, signals can be decomposed into several sub-spaces in different resolutions, so that signals with different frequencies are displayed in the different sub-spaces, revealing their characteristics clearly.
, it can be decoupled by WT as the following equation: [ ]
, the procedure of WT-based MRA can be shown in Fig. 1 . Using WT-based MRA, the SCs and WCs can be easily obtained. It should be noted that WCs contain high-frequency characteristics of the signal, which can be used to detect disturbance accidents by selecting an appropriate wavelet function and a decomposition level. In addition, WT also has data compression, signal noise, signal reconstruction and non-redundant decomposition of other unique advantages, which is very useful in signal analysis and processing.
Power Network Disturbance Identifying Based on MRA
When power network disturbances, including load switching and load loss, etc., the frequencies at each bus changes in the system of the same trend with different specific values, causing certain spatial and temporal distribution characteristics [8] . The dynamic distribution characteristics of frequency means that, when disturbances occur, the frequency of power system will change, and the closer to the disturbance source, the faster the frequency changes, as well as the greater the amount of change. Therefore, the frequency signal,which has uniform reference of 50Hz, is a natural input signal for disturbance identifying.
The energy of WCs is chosen as the criterion to choose optimal wavelet function and decomposition scale. Using the following equation, the energy contained in WCs can be obtained:
where i is the scale; j is the number of points contained in each detail. According to Eq. 2, the WC's energy of the disturbance can be obtained by summing up the energy of signals, since there are several frequency responses at the PMU locations. Therefore, the selection of wavelet function should obtain the maximum WC's energy for specific disturbances.
Having the wavelet function, we can get the total energy of all decomposition levels by:
where N denotes the decouple scale; i is the total energy of all decomposition levels. The decomposition scale can be selected by having the maximum energy according to Eq. 3.
Usually, the highest WC appears at the corresponding abrupt-changing point of the analyzed signal, while identifying transient signals using WT-Based MRA. Therefore, the time of the highest WC appears can be estimated as the moment of disturbance occurs. Moreover, according to the simple principle that the closer the observation position is, the higher WC can be obtained. The PMU sub-station where the highest WC is observed could be estimated as the location closest to the location where disturbance occurs. Therefore, we choose the highest WC as disturbance identification index.
Case Study
In this section, the IEEE 39 bus system [7] is selected to illustrate the using of the method proposed in this paper. The scheme of IEEE New England39-bus system is illustrated in Figure 2 . PMUs are located at Bus 3, 12, 19, 22, 29 and Bus 39, which have been marked in red in Fig. 2 . Fig. 2 the IEEE New England39-bus system In this paper, Order 2-11 Daubechies wavelets are taken into consideration. And the maximum scale is chosen to be 6. Six disturbances are simulated: D1, generator loss at G4; D2, generator loss at G5; D3, load loss at Bus 16; D4, load loss at load bus 20; D5, load increase at Bus 16; D6, load increase at Bus 20. Frequencies at the Buses with PMUs are identified with MRA, obtaining the each energy of WC for each disturbance, which are shown in Table 1 . It can be seen from Table 1 , the maximum energy is concentrated in the first row, therefore, the choice of wavelet function is "db2". According to the selected wavelet function of"db2", the energy of WCs using diffenent decomposition scales are shown in Table 2 . It can be seen from Table 2 that the energy of WCs is concentrated in the 5th floor, so the choice of decomposition scale is 5. Table 2 The selection of scale for 10-machine 39-bus power system The frequencis recorded by PMUs are indentifying using the wavelat function "db2" for the scale of 5. The results are shown in Fig. 3 and Fig. 4 Maximum of wavelet coefficients at measuring Buses for generation loss at G5 As shown in Fig. 3 , when the disturbance of genertor loss at G5 at the time of 0.5s, the largest wavelet coefficients obtained by the observation buses appear at 0.5s, indicating that the occurrence of the disturbance is at 0.5s. In Fig. 4 , it can be seen that the maximum wavelet coefficient appears at Bus 19, which is the nearest one from G5. Therefore, the Bus with the largest wavelet coefficient can be estimated as the disturbance source.
The results of load loss and increse are shown in Fig. 5 and Fig. 6 . It can be seen from Fig. 5 and Fig. 6 that, the largest wavelet coefficients still appear at the moment of the disturbance occurred. The nearest Bus for disturbance source also has the largest wavelet coefficients and the furthest bus 39 has the minimum value, with the removal of the disturbance generator was the same conclusion. 
Conclusions
In this paper, an wavelet-based power network disturbance identifying method is presentd. The method of selection of input signal, wavelet function, decomposition scale and indicator are proposed. The maximum of wavelet coefficients are chosen to indentify the occuring time and source of disturbance. Based on the data recorded by WAMS, it is easy to identify disturbances, which can help operators to take timely and appropriate actions to eliminate the impact of disturbance.
In part II, the application of the method in large scale power system will be proposed [8] .
